From the separate processing and crossover analysis of repeat ERS-1 and TOPEX altimeter data in the Mediterranean basin it was assessed that the TOPEX data are characterized by higher accuracy than that of ERS-1 and other previous missions' data. It is also known from the coverage of both missions that the resolution of ERS-1 data is superior to that of the TOPEX data, since the distance across track in the TOPEX mission is about four times the corresponding distance in the ERS-1 mission for the 35-day repeat. Therefore, taking into account the advantages and drawbacks of both missions, a common adjustment of both altimeter data sources was carried out in order to improve the prediction accuracy of gravity anomalies and geoid heights in the Mediterranean Sea. The computed sea-surface heights (SSHs) have been used in the following two trials.
INTRODUCTION
The Mediterranean Sea is a very interesting but complex zone from a geodynamic and tectonic point of view, and obviously the approximation of the gravity field in such a test area is of major importance. The recovery of the gravity field for the whole Mediterranean suffers from problems related to the unavailability or the poor quality of the data in different D. Arabelos and I . N . Tziavos central and eastern part of the Mediterranean Sea we recovered the gravity field by inverting satellite altimeter data.
Satellite altimetry today provides adequate data sampling and accuracy to approximate the gravity field both in open oceans and in limited sea zones surrounded by land areas, such as the Mediterranean Sea. Experience with the older satellite missions like SEASAT and GEOSAT, as well as with the improved and current satellite missions like ERS-1 and TOPEX/Poseidon, has demonstrated the potential of satellite altimetry and its efficiency in recovering and mapping the gravity field on a basin scale (see e.g. Arabelos & Tscherning 1988; Arabelos & Tziavos 1990 Brovelli & Sans6 1992 Knudsen, Anderson & Tscherning 1992a , 1992b . Moreover, the satellite altimeter data sets can be combined with existing sea and terrestrial gravity data for producing sea and continental geoids of high accuracy and resolution. The satellite altimeter data sets can also be used, alone or in combination with airborne gravity measurements, for geophysical exploration and oceanographic studies (see e.g. Sideris et al. 1993) .
The ERS-1 satellite was launched in July 1991 in order to investigate the environment, but the mission was also aimed at improving the marine gravity field in global and local applications. The TOPEX/Poseidon mission was launched in August 1992 and has the requirement that the radial component of its orbit must be computed to an accuracy of 2-3 cm rms, allowing measurements of the sea-surface height to be computed to similar accuracy (Nerem et ul. 1993) .
In order to exploit the advantages of both missions (i.e. the resolution of ERS-1 and accuracy of TOPEX/Poseidon) we used in our prediction tests the SSHs derived from a joint adjustment by combining both altimeter data sources. We predicted gravity anomalies and geoid heights in three test subareas of the Mediterranean basin and we assessed the quality of our prediction by comparing predicted gravity anomalies and geoid heights with observed sea gravity values and sea gravimetric geoid heights, respectively. This paper is also concerned with the estimation of the seasurface topography (SST) in our test area by subtraction of the corresponding residual gravimetric geoid surface (Arabelos, Spatalas & Tziavos 1992; Arabelos & Tziavos 1994a , 1994b from the adjusted altimeter surface. The statistical characteristics of the computed SST field are considered very reliable for the central test subarea and quite reasonable for the western one.
The selection of ERS-1 and TOPEX altimeter SSHs used to recover gravity anomalies in the Mediterranean Sea was made in three individual subareas as follows (see Fig. 1 ):
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In order to produce acceptable results, the prediction of gravity anomalies and geoid heights was performed in an inner region in each of the above-defined test subareas, omitting a zone between the borders of the test area and the prediction area. Thus, the areas for gravity anomaly and geoid height prediction are bounded by the following limits: western subarea (W); central subarea (C); eastern subarea (E).
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PROCESSING A N D CROSSOVER ANALYSIS OF ERS-1 A N D TOPEX DATA
We received ERS-1 radar altimeter data, extracted from a data base of the University of Copenhagen (Geophysical Institute) and the National Survey and Cadastre of Denmark. The ERS-1 altimeter data were selected in the area bounded by the limits (30" I 4 I 46"; -5" I It I 36") covering the Mediterranean Sea. The time covered by this altimeter data set is 1992 April 14 to 1993 August 16 (14 repeat periods of 35 days each, using the GEMT2 model for orbit determination). The TOPEX data, over the same test area, were available to us from two independent international data bases. The CNES/CLS AVISO Operations Center, Toulouse, provided us with the original raw altimeter data of the joint US/French TOPEX/Poseidon altimetry mission, and the University of Copenhagen (Geophysical Institute) and the National Survey and Cadastre of Denmark (Knudsen 1994, private communication) , provided us with the TOPEX altimeter data in meantrack form. In this study we used only the TOPEX data belonging to the first 44 cycles of the mission and comprising the whole Mediterranean. Since each cycle is 10 days, the time span of the TOPEX data used is about 1 yr and 3 mnth.
In a pre-processing stage the ERS-1 data were corrected for solid Earth tide, wet and dry troposphere and ionosphere. At the same stage, and in order to test the compatibility of ERS-1 altimeter data with a global reference surface, we subtracted the contribution of the OSU91A geopotential model (Rapp, Wang & Pavlis 1991 ) from all the ERS-1 SSHs. In order to detect and remove erroneous data from the reduced altimeter height files finally obtained, the following criteria were adopted.
(1) The test area has been restricted to the Mediterranean Sea omitting subsatellite points found above latitude 46" and west of longitude -5", as well as parts of the tracks located south of latitude 30" and east of longitude 36". The altimeter data covering the area of the Atlantic ocean northwards to Spain and the Black Sea are also omitted in our analysis.
(2) Altimeter height values, which after subtraction of the contribution of the OSU91A geopotential model numerically exceeded 4 m, were rejected. According to this criterion 76 ERS-1 heights have been detected and rejected. The remaining 81 815 ERS-1 heights were used in the subsequent analysis.
In the next step the collinear tracks of ERS-1 were stacked to produce mean tracks, since the TOPEX data were already available in this form. To stack the coinciding tracks, we averaged the repeated tracks by interpolating at normal points, i.e. at the same locations along each track, thus resulting in 11 031 ERS-1 observations (subsatellite points) derived from 81 815 original observations. With respect to the TOPEX data, 2699 TOPEX observations were derived from 125 509 original observations. Similarly to ERS-1 data, the reference OSU91A field was also subtracted from the TOPEX data. Stacking resulted in 110 tracks (55 ascending-northgoing tracks; and 55 descending-southgoing tracks) in the ERS-I data and in 25 tracks in the TOPEX data (13 ascending and 12 descending). The mean tracks are obtained by subtracting linear trends to each track and looking for a minimum norm regression . The stacking procedure also strongly reduces the effects of orbital errors and of longwavelength sea-surface variability, and, additionally, provides The distribution of ERS-I and TOPEX altimeter data for a period of 1.4 yr, and the limits of the three tcst subareas a significant compression of the original raw data and a subsequent decrease of the computational effort needed for the data manipulation. The resulting network of ground tracks of all altimeter data is shown in Fig. 1 . It should be noted that the stacking was made to the altimeter data reduced to the OSU91A geopotential model.
ERS-1 and T O P E X altimetry
The use of both altimeter data sources in stacked form and coverage of an extended time period (more than 1 yr) allowed us to neglect the influence of various oceanographic phenomena (e.g. currents, water circulation) on the finally adjusted altimeter data (Arabelos et nl. 1992) . Although preliminary ocean-tidal information for the test area is now available (see e.g. Canceill, Agelou & Vincent 1992; Toro, Vieira & Sevilla 1993), the ocean-tidal effects were considered as constant along the satellite tracks on account of their low amplitudes (generally, tidal amplitude is lower than 0.40 m in the region). Moreover, all these models have not yet been tested sufficiently and in a simple bias-and-tilt crossover adjustment the error model absorbs as much as 90 per cent of the tidal signal and probably other signals as well. This does not mean that tidally correcting the altimeter data is pointless (Arabelos et ul. 1994) . However, crossover results cannot be used as unique evidence for the correctness of the tidal model used (Vermeer 1993) .
In Table 1 the statistical characteristics of the stacked ERS-1 and TOPEX SSHs reduced to the OSU91A geopotential model are given. The results in Table 1 show an excellent agreement between the TOPEX heights and the corresponding heights derived from the OSU91 A geopotential model before adjustment, considering either the mean value or the sd of the differences. The ERS-1 results, apart from the very minor bias value, present a sd of differences of about 1.2 m. This later sd is different from that computed in the case of the reduced TOPEX data (0.7 m), probably due to the different resolution of the two altimeter missions. When merging both altimeter data sources the corresponding sd drops to 1.1 m.
In order to exploit the information that is contained in satellite altimeter data from various satellite missions as much as possible, the satellite's orbits must be known with utmost accuracy. A method of orbit correction that is widely applied is the method of crossover adjustment of altimeter data. Such an adjustment procedure requires altimeter data at the intersection of northgoing (ascending) and southgoing (descending) satellite groundtracks and a proper least-squares procedure to minimize the discrepancies at the crossover points (see e.g.
Furst et al. 1992).
Three experiments of crossover adjustment have been performed using the SSHs reduced to OSU91A, which we will call (l), (2), and (3), respectively. involved the treatment of 11 031 altimeter data.
involved the treatment of 2699 altimeter data.
for a total of 13 730 altimeter values.
(1) Adjustment for stacked ERS-1 data only. This has (2) Adjustment for stacked TOPEX data only. This has (3) Joint adjustment for stacked ERS-1 and TOPEX data Finally, 238 crossovers were found belonging to the 110 ERS-1 tracks and 29 crossovers belonging to the 25 TOPEX tracks. When merging the data, 135 tracks and 325 crossovers were available. To adjust the available ERS-1 and TOPEX altimeter data a bias-and-tilt crossover adjustment model was used (see e.g. Arabelos et ul. 1992; Furst et al. 1992) .
In (1) and ( 2 ) a crossover adjustment has been performed on the whole Mediterranean, according to the rules stated as optimal by Furst et ul. (1992) and Barzaghi rt ul. (1993) . In particular, a free-adjustment model, including two parameters for each track corresponding to bias and tilt, has been performed, removing the rank deficiency by a low-weight hybrid norm criterion. In this way there is a four-parameter bilinear surface, called the free surface, that is completely undetermined by the observations. This surface has been fixed by adjusting it to the OSU91A model. In the joint adjustment (3) the same adjustment model has been employed. Additionally, in order to exploit the high-quality information included in the TOPEX data when merging them with the ERS-1 data as much as possible, we computed relative weights equal to 2 : 1 and we used them throughout the adjustment procedure. This weight estimation has been derived as the ratio of the sd of the differences between adjusted TOPEX and ERS-1 SSHs and corresponding OSU9lA heights after separate adjustments (see Table 3 ).
To summarize the results of the adjustment the following two quantities were statistically examined: ( 1) the crossover differences after adjustment in comparison with those found before adjustment; and (2) the discrepancies between the adjusted altimeter SSHs and the corresponding heights derived from the OSU91 A geopotential model. The statistical results of the crossover analysis before, as well as after, adjustment are given in Table 2 in terms of the mean value and sd of all the crossover differences. Also in Table 2 the estimated mean bias and tilt values are given for ascending, descending, and combined ascending and descending tracks. The statistics of the differences between the adjusted SSHs and the OSU91A derived heights are given in Table 3 .
The statistics of Table 2 show an insignificant mean value for TOPEX crossovers before adjustment (-0.01 m) and a sd of discrepancies equal to 0.03 m, which dropped to zero after adjustment. It is also worth mentioning the minor tilt values. In ERS-1 crossover adjustment, significant mean-value and sd crossover discrepancy were found before adjustment, which dropped almost to zero after adjustment. Additionally, a constant bias value was found to vary from -0.8 to 0.6 m in both ascending and descending tracks. Almost the same statistical characteristics were observed when merging both data sets.
The statistics of Table 3 demonstrate the better agreement of TOPEX data than ERS-1 data with the OSU91A model. The numbers in parentheses refer to the results after the removal of systematic differences detected between SSHs and the OSU91A model and represented by a four-parameter bilinear surface. The latter statistical results are quite representative and reflect the possibility for recovery of the geopotential by the two different missions.
GRAVITY RECOVERY FROM A D J U S T E D ERS-1 A N D TOPEX ALTIMETER DATA

General comments
The SSHs of ERS-1 and TOPEX derived from the common adjustment on the whole Mediterranean have been used to recover the gravity field in the three aforementioned test subareas. The geopotential model OSU91A was used as a reference surface, as has been discussed in the previous sections. Due to the fact that the accuracy of the prediction was assessed by comparing observed with predicted gravity anomalies, the OSU91A model was also used as a reference surface for the observed gravity values and geoid heights. The LSC method (see Moritz 1980 ) was used to predict gravity anomalies in the three test subareas. In all cases the prediction area was limited $The numbers in pareniheses refer to the results alter adjustment arid the numbers outside lo the resulls before adjustment. Table 3 . Statistics of stacked ERS-1 and TOPEX SSHs reduced to OSU91A after adjustment.
No of data $Two tracks have not been comected due to lack of crossovers. ##The numbers in parentheses refer to the results after removing a 4-parameters bilinear surface.
in the inner zone of each of the three test subareas (see Section 1 ) in order to avoid omission errors.
Gravity data
The gravity data of the international data bank developed in the frame of the GEOMED (GEOid in the MEDiterranean) project has been used in this study (Arabelos et ul. 1992) . The G E O M E D data bank was derived by combining data from the following sources: (1) free-air anomaly maps; (2) individual point sea surveys, especially in area (E); and (3) different national data banks. In the test areas (W) and (C) the gravity values refer to a 4' x 5' grid and have been derived by digitizing the free-air anomaly maps of (1). These gravity values have been introduced in the computations with an error varying from + 5 to & 7 mGal. This error estimation is based on numerical tests carried out in previous studies (see e.g. Arabelos & Tziavos 1992). In Figs 2 and 3 the observed free-air gravity anomalies are plotted, as well as their distribution (on 5' x 5' grid). From these figures it is shown that several data gaps exist in the corresponding test subareas. These gaps were filled by using the least-squares prediction technique. In area (E) a more pessimistic error estimation was used in our numerical tests for the gravity anomalies varying between & 5 and f 2 0 mGal (see e.g. Arabelos & Tscherning 1988) . In this area the gravity data coming only from point sea surveys are used in the original irregular distribution (see Fig. 4 ), since their gridding introduces unacceptably large errors. This is also the reason that the LSC method was used in the numerical tests in this area. The free-air gravity anomalies of the three test subareas are referred to the Geodetic Reference System 1980 (GRS80).
Covariance function estimation
Taking into account the different features and peculiarities of the gravity field in the three tested subareas, a separate covariance has been computed for each subarea. The starting point for the use of LSC in the three subareas was the computation of the empirical altimeter-height covariance functions. Their estimation was simple from the numerical point of view, based on the computation of the mean value of products of residual to OSU91A altimeter heights lying within the same interval of spherical distance and using the corresponding sampling interval for the altimeter data, equal to 3' in our case. Then, we tried to model the degree variances derived from these empirical covariance values using an analytical model for the height-anomaly covariance function of the form (Tscherning & Rapp 1974) Pn(cOs $ P Q ) 9
(1)
where RE is the mean earth radius (=6371 km), R, is the radius of the so-called Bjerhammar sphere, y is a mean value of the normal gravity, P, is the Legendre polynomial of degree n, $pQ is the spherical distance between P and Q, and on are the error-degree variances (in units of mGa12) associated with the OSU91A coefficients. In the practical computations these error-degree variances have been scaled by a factor resulting from a fitting procedure (see Arabelos & Tscherning 1988 ). The summation limit N reflects the degree to which the spherical harmonic coefficient information (OSU91A) is considered reliable for the test subareas. In our numerical tests described below, N is equal to 360. The value of A (in units of mGa1') is the variance of the gravity anomalies on the geoid surface (Tscherning & Rapp 1974) . This variance and the quantity (RE -RB) represent the anomaly-degree variance model used in the computations to estimate the analytical covariance functions in the three test subareas. The parameters of the ved free-air gravity anomalies in subarea (C). Contour interval: 10 niCal. Dots represent the observed gravity computed covariance model, derived from a least-squares algorithm, fit the empirical covariance values. Based on these estimated parameters all other types of covariance can be computed, e.g. the gravity anomaly auto-covariance function is given by the formula
The empirical and analytical covariance functions of altimeter heights for the three subareas are depicted in Figs 5, 6, and 7. In these figures a satisfactory agreement between the empirical and the analytical values of the covariance functions is observed. This is mainly attributed to the sufficiently large number of data used in the computations. It must be noted that in the three test subareas the empirical covariances present several peaks at specific correlation distances. This is mainly due to the distribution of altimeter data.
Gravity anomaly prediction by the LSC method
Using the covariance model of eq. ( 1 ) we first carried out the estimation of the analytical covariance function of the dispoi nts.
turbing potential T and then the estimation of all the autoand cross-covariance functions for Agres and <,,, depending 011 the type of prediction (gravity or geoid).
The prediction of a gravity anomaly (or anomalies) and geoid height (or heights) can be evaluated by the LSC method using the formulas (see e.g. Moritz 1980) where CLg,,, is the cross-covariance vector between Ag,,, and lies, C is the signal covariance matrix between and (CreJj, D is the diagonal variance-covariance matrix of the noise of altimeter heights, plus measurement correction errors, remaining tide errors, etc., and ( , , , are the altimetric heights reduced to the OSU91A geopotential model used as a reference surface in this study.
Gravity anomaly prediction results and comparisons
Having developed analytical models for the covariance functions, it is now possible, using the LSC technique, to predict gravity anomalies from the ERS-1 and TOPEX altimeter data derived from common adjustment in our three test subareas of the Mediterranean Sea. The altimeter heights were used in the computations with an accuracy equal to lOcm, which is considered reliable, according to the results of the crossover analysis described in Section 2. In the test subareas (W) and (C) the prediction was carried out on a 1 0 x 1 0 grid derived from the original 5' x 5' free-air anomaly grid. Thus, the selection of our control gravity values resulted in 573 and 361 point sea free-air gravity anomalies in the areas ( W ) and (C), respectively. In area (E) the gravity anomaly prediction was carried out in 470 non-gridded stations. The statistical resuits of our prediction test in terms of differences between observed (control) and predicted gravity values are summarized in Table 4 , in comparison with corresponding prediction results published in previous studies, where either the ERS-1 and TOPEX data were used separately, or the adjusted altimeter data from older missions (SEASAT) were used. It is obvious that, in general, the better prediction results were obtained in the present study, where the SSHs of ERS-I and TOPEX derived from the common adjustment were used simultaneously to predict gravity anomalies through a LSC algorithm.
From the results of Table 4 , and especially from the statistics of the reduced control gravity data, one observes that the features of the gravity field in the (W) and (C) test subareas are almost identical, while the gravity field in the eastern part presents a strong gravity signature. With respect to the prediction results, the accuracy of the predicted gravity anomalies in terms of the sd of the differences between observed and predicted values is superior in the (C) and (W) test subareas (varying from 5.8 to 6.5 mGal, correspondingly) in comparison with that obtained in the (E) subarea (reaching a level of 13.4 mGal).
More specifically, in a previous study (Arabelos & Tziavos 1994b) for the test subarea (W), the gravity anomaly prediction results using only ERS-1 altimetry were found to be equal to 8.8 mGal in terms of the sd of the differences between observed (control) and predicted values. The simultaneous use of ERS-1 and TOPEX altimeter data led to a significant prediction improvement of the order of 2.3mGa1, i.e. the sd of the differences dropped to 6.5 mGal.
In the test subarea (C), when using either the adjusted ERS-1 data or the adjusted stacked TOPEX data for the same test area (361 control points), the prediction results were characterized by a lower accuracy (see Table 4 ). Better prediction results were found (sd = 4.9 mGal) in Arabelos & Tziavos (1994b) when using only the stacked TOPEX data and selecting the control points lying as close as possible to the altimeter tracks, i.e. within a distance less than the mean distance ( -5.5 km) between two subsequent subsatellite points along a track. However, these prediction results could not be considered reliable as they were derived from only 18 control 
points and the predictions were restricted to points lying along the tracks. This was also one of the reasons why we did not perform along-track solutions for all cases. However, the prediction values of the present study are realistic, taking into account the accuracy of the control gravity data. It must be noted here that the main objective of this study was not to predict gravity anomalies along-track, but to recover the gravity field with a resolution (e.g. 5'-10) that is necessary for a wide number of geodetic and oceanographic practical applications. The prediction numerical results carried out in area (E) were compared with those obtained in a previous study (Arabelos & Tscherning 1988 ) using as input data altimeter heights from the SEASAT mission and the same gravity control values. In the case of SEASAT altimetry, the sd of the differences between observed and predicted values was found to be equal to 16.6 mGal, while using the ERS-1 altimetry the corresponding sd of differences dropped to 13.7mGa1, and a further slight improvement was observed when merging ERS-1 and TOPEX altimeter data (sd of differences equal to 13.4 mGal).
A further representation of the gravity field in the test subareas, as well as the prediction results obtained in this study, are shown through a number of contour maps (Figs 8-10 ), These plots represent the differences between observed and predicted gravity anomalies in the three test subareas. From these representations it is evident that in the three selected areas there are strong gravity-field features, mainly visible in area (E). It can also be seen from Fig. 10 that a number of extremes in the residual gravity anomalies are located along the coast of Turkey and the coasts of the islands of Cyprus, Crete and Rhodes, due mainly to the lack of data in these land areas.
GEOID MODELLING
Three methods are used in this study for gravimetric geoid-height computation, since the differences between different geoid solutions provide insight into the accuracy of the geoid-determination techniques. Two of them are based on the Stokes' integral formula (see e.g. Moritz 1980 ). Both approaches for the evaluation of Stokes' integral use FFTbased algorithms. More specifically, the 2-D planar FFT (PFFT) procedure (see e.g. Sideris & Li 1992) with discrete spectra for the point-gridded gravity data and the kernel function, and the 2-D spherical FFT approach (SFFT) in its multi-band fashion (six bands of computation), are used. Besides the FFT-based methods, and in order to investigate their performance, the fast collocation method (Bottoni & Barzaghi 1993 ) is also used (FCOL), which is based on an effective algorithm to compute the traditional collocation solution in a fast and reliable way. It should be noted that the geoidal height prediction in area (E) has been made by the LSC method in its traditional form (see Sections 3.4 and 3.5).
Since the aforementioned spectral and stochastic methods are based on a remove-restore procedure, the geoid-height computations were performed according to the equations
(4)
The CGM term gives the contribution of the geopotential model coefficients, while the term Ca, gives the contribution of the reduced free-air gravity anomalies with the effects of the geopotential model (AgGM) and the topography (Agh) removed.
The term rh gives the contribution of the topography on [ (indirect effect). Since the topography is not taken into account, the term Agh, and consequently the indirect effect, are neglected in the computations.
4.1
Using M x N gridded free-air gravity anomalies with spacings A x and B y in the x and y directions, respectively, the geoidal height [ The spectra of A g and l,, i.e. AG and L,, can be evaluated using the discrete Fourier transform (discrete spectra) as
where F denotes the direct Fourier transform. Then, the geoidal height can be evaluated as follows:
where F ~ denotes the inverse Fourier transform operator.
To account for the singularity of the 1, at the computation point, the contribution to the geoid height of the gravity anomaly can be evaluated separately as (Schwarz, Sideris & (11) where y is the normal gravity and S($) is Stokes' function, which can be expressed as S($) = --4 -6 s + 10sz-(3 -6s') ln(s+ s'),
The argument of Stokes' function can be approximated as (Strang van Hees 1990) (13) with A $ p Q = 4 P -4 Q and AApQ=kp-AQ. dM is the mean latitude. The discrete version of Stokes' integral can be expressed as (Haagmans, Min & Geldern 1993) (14) where M is the number of parallels and N is the number of meridians ( M x N is the number of observations) and eq. (13) is transformed into the following formal convolution integral:
The argument that Stokes' formula may be evaluated correctly along a single parallel of observations forms the basis of the multi-band spherical FFT method proposed by Forsberg & Sideris (1993) . According to this method, the area under consideration is divided into a set of equidistant latitude zones, d1, &, ... , q5M, extending from the northern limit to the southern limit. In this way, a virtually error-free composite solution may be obtained by linear interpolation. Designating [, the FFT geoidal height obtained by (15) using the latitude bP = 4; in setting up the kernel S, the composite solution result at a latitude 4 between the two reference latitudes, 4t,4s+t, will be (Forsberg & Sideris 1993) The number of reference parallels m may be selected according to the desired accuracy. rn = 1 leads to the simple Strang van Hees approach. The reference 'band' structure may be limited to cover a latitude zone of interest, limiting the number of transforms required, especially when zero padding is used to eliminate FFT circular convolution effects.
4.3
The basic formula for geoid height computation from gravity anomalies by LSC is given by Geoid heights by the LSClFCOL method = Cig',i,(C + D) ~ Agr,, , ( 17) where C is the signal auto-covariance matrix of gravity data and D is the diagonal covariance matrix of gravity data. In the case of gridded data, instead of the classical LSC procedure a new efficient algorithm was developed, called fast collocation (FCOL), in order to compute the classical collocation solution in a fast and reliable way (Bottoni & Barzaghi 1993; Grote 1993 ). This method is based on some modifications of the aforementioned LSC method. In order to speed up the numerical procedures the restriction of gridded input data is necessary.
This implies that the covariance function C in the collocation formula (3) is a symmetric block Toeplitz matrix and each block is itself a symmetric Toeplitz matrix (Toeplitz/Toeplitz) structure. The numerical analysis can be extended either to a planar grid or to a geographical one.
It is interesting also to note that the solution of the equation
is carried out by an iterative procedure using the preconditioned ERS-1 and TOPEX altimetry 297
Geoid prediction results-estimation of SST
In areas (W) and (C) the gravimetric geoidal heights have been computed on the 5' x 5' grids mentioned in Section 3.2. The available gridded 5' x 5' gravity data, referred to the same grid as the above-mentioned prediction grids of geoidal heights, have been used as input data in the numerical procedures. More specifically, in area (C) 5184 (72 x 72) 5' x 5' point freeair gravity anomalies were available. In area (W) 6480 (60 x 108) 5' x 5' point free-air gravity anomalies were available. From the gridded 5' x 5' free-air gravity values, geoidal heights were computed in areas ( W ) and (C) using the methods FCOL, PFFT, and SFFT, briefly discussed in previous sections. In the present study, the geoidal height results derived by the three aforementioned methods in areas (W) and (C) agree to within 1-3cm (la) . From the gridded gravimetric geoidal heights, point-height values have been derived at ERS-1 and TOPEX (see also Fig. 1 ) subsatellite points using a spline interpolation technique. These geoidal heights have been compared with altimeter SSHs and the results from this comparison are given in Table 5 . The remaining signal from the subtraction of the gravimetric geoidal heights from the corresponding altimetric SSHs is interpreted in this study as the SST, and more specifically as a stationary SST (see e.g. Barzaghi & Sona 1994) . It is also noteworthy that the SST values were found to vary from 7 to 13 cm in terms of sd and from -44 to -12 cm in terms of mean value. The western and central part of the SST seems to be physically consistent and in good agreement with other solutions made in the same test area (see e.g. Barzaghi & Sona 1994) .
It is noted that the comparisons of Table 5 0.13 0.14 0.14 determine the gravimetric geoid give results on all the grid points simultaneously, the results from FCOL are still affected by gridding and aliasing effects (Tscherning & Forsberg 1992 ).
In the results of the FFT-based methods, the problem caused by the lack of data around the point of evaluation at the edges of the test subareas still exists, although the effect of circular convolution has been eliminated by appending zeros around the signal gravity matrix. In Figs 13 and 14 the residual gravimetric solutions in areas (W) and (C) are given, respectively, representing the contribution of the reduced gravity anomalies. These solutions are relative to the reference field (OSU91A geopotential model). Adding the contribution of the reference field to the above-mentioned geoidal heights, the complete geoid can be derived.
The results tabulated in Table 5 show that the gravimetric geoid solutions in areas (W) and (C) are in good agreement with the ERS-l/TOPEX SSHs, mainly with respect to the sd of the differences. Of course, the gravimetric geoid surface fits the ERS-l/TOPEX surface better in the central test subarea than in the western subarea of interest. This can be ascribed to the high accuracy of the available gravity data (error estimation close to + 5 mGal; see Section 3.2) and to the smooth geological structure and features of the area under study. In Figs 15 and 16 the small differences between gravimetric and altimetric geoid surfaces are illustrated for the test areas (W) and (C). In any case, the small discrepancies detected between gravimetric and altimeter geoid surfaces may be interpreted as a rough approximation of the SST in both areas (W and C ) . The remaining significant mean values, according to the statistics of Table 5 , may have been caused by undetected errors in the gravity anomalies used. Another reason for these unexpected discrepancies could be the restricted limits of the test areas.
In the eastern test area the gravimetric geoidal heights have been computed on a 5' x 5' grid using the LSC method, already discussed in Section 3.4. 2086 point free-air gravity anomalies were selected as close as possible to a 5' x 5' grid and used as input data (see Section 3.2). .o computed using spline interpolation techniques at ERS-1 and TOPEX subsatellite points. We followed this method of geoid computation because the available point free-air gravity anomalies are very irregularly and sparsely distributed in the eastern part of the Mediterranean Sea. Since this sea gravity data set has been derived by individual gravity sea surveys, large gaps exist in the area (E), where no gravity information is available. Consequently, the gridding of the gravity data is very problematic, i.e. this gridding could be realized with very low accuracy. Thus, the methods based on gridded input gravity data sets (FCOL, PFFT, SFFT) were excluded from the geoidal height prediction in area (E).
For the reasons discussed above, the flexible, very effective and sensitive LSC method was used in its traditional form (Tscherning 1981) in the same way as in Section 3.5, where the LSC method was used for the prediction of gravity anomalies. The LSC method fits the irregularly distributed gravity values sufficiently, considering their statistical characteristics through their covariance function. The empirical and the analytical covariance function of the available point-gravity data in area (E) are depicted in Fig. 17 . The gravity data are referred to the OSU91A reference surface. In Table 6 the results from the comparison between the gravimetric geoidal heights and the altimeter SSHs are presented, which give a rough first approximation of the SST, as already mentioned above for the areas (W) and (C). The computed SST has a high sd (see Table 6 ) in an area where the gravity field presents a strong signature, and both geoid and altimetry may show distortion (Barzaghi & Sona 1994) . We recall that the global adjustment of altimeter data has been performed using the OSU91A reference field, which, as pointed out in various papers, could be problematic in this area (Barzaghi & Sona 1994) . In Fig. 18 the residual gravimetric solution in area (E) is shown, representing the contribution of the reduced gravity anomalies. This solution is relative to the reference field (OSU9lA geopotential model ). Adding the contribution of the reference field to the above-mentioned geoidal heights, -0.64 the complete geoid can be derived. In Fig. 19 the differences between gravimetric and altimetric geoid surfaces are illustrated for the test area (E).
Comparing the results of Tables 5 and 6 and the representations of Figs 15, 16 and 18, it is obvious that the prediction of geoidal heights in area (E) is characterized by a lower accuracy than those obtained in areas (W) and (C). The large size of the differences found in area (E) can be mainly attributed to the aforementioned reasons. Other secondary reasons for these discrepancies are ( 1) the geodynamic peculiarities and the complicated geological structure of area (Ej (see e.g. Arabelos & Tscherning 1988) and (2) the restricted lengths of the satellite arcs (short arcs), which seriously affect the results of the crossover adjustment in this area.
From the results of Table 5 the geoid prediction accuracy is considered very satisfactory for areas (W) and (C) (7 and 11 cm, respectively), since the differences between the altimeter and gravimetric surface also give a very good estimation of the SST in our test area. The small bias detected in area (Cj (12 cmj and the larger one in area ( W ) (44 cm) are mainly due to errors in the gravity data. Additionally, based on our geoid prediction results, we can make the following statements. Arabelos & Tziavos 19'94b) , in which the altimeter data were treated separately or in combination, but did not include the newest and most precise data from the TOPEX mission.
(2) The differences between the altimeter and the gravimetric geoid surface satisfactorily represent the stationary surface of the sea reflecting the signal of SST. The order of magnitude of the signal, SST, is very reasonable and physically meaningful in western and central Mediterranean after exploiting the advantages of ERS-1 and TOPEX missions and after performing a common adjustment (see also Barzaghi & sona 19'94 
CONCLUSIONS
An analysis of about 1 yr of ERS-1 altimeter data and the first altimeter data of the 44 cycles of the TOPEX mission has been carried out. The ERS-1 data have been edited following a number of selection criteria in order to exclude erroneous data. The constructed criteria can be considered satisfactory for confining the altimeter observations in limited sea basins, like the Mediterranean, surrounded by land areas. The TOPEX data were at our disposal in stacked form, which meant a significant compression of the observations and a considerable decrease of the computational effort needed both in the editing and in the crossover treatment of the altimetry. In order to eliminate the computational effort in the numerical tests, as well as to show the altimeter data in a uniform manner, we also stacked the ERS-1 data. In a second stage a common crossover adjustment of the stacked ERS-1 and TOPEX altimeter data was performed. The adjustment results were superior to those obtained by previous satellite missions (like SEASAT and GEOSAT) or by treating the ERS-1 data separately (see e.g. Arabelos & Tziavos 1994a, b) . The SSHs derived from the common adjustment can be used for a precise geoid and gravity recovery in the Mediterranean Sea, as well as for a first estimation of the SST. In comparing the results from ERS-1 and TOPEX the latter were found to be superior, although the observations of the two altimeter missions are available at a different resolution and a direct comparison of the results derived from them includes several problems. Furthermore, the present coverage and accuracy of ERS-1 and TOPEX observations assessed by our tests permit the use of these altimeter data in the determination of tidal models and other oceanographic phenomena in the Mediterranean Sea. We have also seen in this study how the LSC method may be used to recover gravity anomalies, and that an improved estimation of the gravity field is thereby achieved. The accuracy of the prediction results varies from one test area to another, depending on the features of the gravity field in each region. The sd of the differences between observed and predicted gravity values was found to equal 6.5 mGal in area (W), 5.8 mGal in area (C) and 13.4 mGal in area (E). The geoid prediction accuracy was found to equal 31 .OO 32.00 33.00 34.
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34.
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. 00 50 50 50 50 11 cm in the test subarea (W), it dropped to 7 cm in area (C), and reached the level of 56 cm in area (E), in terms of the sd of the discrepancies between altimetric SSHs and gravimetric geoidal heights. Both altimeter and gravimetric geoid surfaces are reliable in the test areas (W) and (C), as comparisons with other geoid computations have shown. The accuracies achieved meet the present-day requirements of a wide number of geodetic, oceanographic, and other applications. The high prediction-accuracy level is mainly due to the high precision of the TOPEX data and also to the fact that in merging the data from both missions we also exploited the advantages of ERS-1, particularly with respect to the good track coverage (higher resolution). Furthermore, the estimated SST is physically feasible and meaningful over the entire frequency spectrum, especially in the areas (W) and (C), based (1) on the analysis of the signal derived after subtracting the gravimetric height values from the corresponding altiinetric ones, and (2) on the results of previous studies. This remaining signal should be slightly improved in the future after updating the available gravity data and consequently improving the gravimetric geoid surface. The altimeter surface could be improved by merging the altimeter data available today with those derived from future and more accurate missions.
It is recommended that the prediction procedure is extended in the future to other parameters of the gravity field, e.g. gravity disturbances, deflections of the vertical, etc. The combination of altimeter observations of recent missions with bathymetric and other sources of data could also improve the prediction results and generally the approximation of the gravity field in the Mediterranean Sea. making available to us these altimeter data files. Financial support by the EC in the framework of t h e contract no. SCl*-CT92-0808 (GEOMED) is gratefully acknowledged.
